Introduction
============

Duchenne muscular dystrophy (DMD) is an X-linked recessive disease of marked striated muscle deterioration affecting 1 in 3,500--5,000 boys.^[@bib1]^ DMD results from the lack of the cytoskeletal protein dystrophin, which is essential for maintaining the structural integrity of the muscle cell membrane.^[@bib2]^ DMD patients develop severe skeletal muscle degeneration, along with clinically significant cardiomyopathy.^[@bib3; @bib4; @bib5]^ There is no cure for DMD patients, or any effective treatment to halt, prevent, or reverse DMD-striated muscle deterioration. Symptomatic clinical management includes glucocorticoids that show positive improvements in muscle strength and cardiac function^[@bib6],[@bib7]^ but also have significant negative side effects.^[@bib8],[@bib9]^ Current experimental DMD therapeutics are novel gene- and cell-based strategies,^[@bib10],[@bib11]^ including exon-skipping strategies to restore dystrophin production, which have shown some promise in preclinical studies.^[@bib12; @bib13; @bib14; @bib15]^ To date, however, these approaches have not yet been translated successfully in human patients.^[@bib16],[@bib17]^ In this context, it is essential to consider additional approaches that target the primary defect of DMD: severe muscle membrane fragility.

DMD is a particularly daunting disease because striated muscle represents \~40% of body mass, and includes all skeletal, respiratory, and cardiac muscles. This point is important, as leading experimental therapeutic efforts to date appear to preferentially target dystrophic skeletal muscles, leaving the diseased heart untreated.^[@bib18]^ Skeletal muscle-centric strategies to improve ambulation for DMD patients could lead to increased stress on the untreated dystrophic myocardium as a result of increased cardiac demands.^[@bib18],[@bib19]^ This interplay between the progression of DMD cardiomyopathy and the skeletal myopathy as a pathophysiological load on the heart underscores the importance of a therapeutic strategy that can simultaneously treat all striated muscles.

The primary pathophysiological defect in DMD is the marked susceptibility to contraction-induced membrane stress^[@bib20],[@bib21]^ and the subsequent muscle damage and degeneration that occurs due to loss of muscle membrane barrier function. In this context, a unique therapeutic approach is the use of synthetic membrane stabilizers. This strategy aims to prevent muscle degeneration by directly stabilizing the dystrophin-deficient sarcolemma during muscle contraction. The triblock copolymer poloxamer 188 (P188) has numerous features that make it an attractive synthetic membrane stabilizer candidate for DMD treatment. P188 (8.4 kDa) is a nonionic block copolymer belonging to a family of triblock copolymers comprised of a hydrophobic polypropylene oxide (PPO) core flanked on either side by hydrophilic chains of polyethylene oxide (PEO) ([Table 1](#tbl1){ref-type="table"}). We and others have shown that both acute and chronic delivery of membrane stabilizer P188 confers protection to the dystrophic myocardium and in both small and large animal models of DMD.^[@bib22; @bib23; @bib24; @bib25]^ However, P188 has so far shown little to no efficacy in protecting dystrophic limb skeletal muscle function *in vivo*.^[@bib23],[@bib26],[@bib27]^ This apparent nonefficacious effect is interesting considering that P188 is effective in protecting hindlimb skeletal muscle in a range of other conditions, including electroporation injury,^[@bib28]^ hindlimb ischemia-reperfusion injury,^[@bib29]^ and in a model of dysferlin-deficiency^[@bib30]^ *in vivo*. Furthermore, P188 does confer protection to dystrophic skeletal muscle *in vitro*.^[@bib31]^ These examples raise the possibility that the ineffective protection exhibited by P188 in dystrophic skeletal muscle *in vivo* in past work^[@bib26]^ is due to suboptimal pharmacodynamics, rather than an intrinsic inability of P188 to beneficially stabilize dystrophic skeletal muscle. We therefore hypothesize that optimization of pharmacodynamics of P188 is crucial in conferring protective efficacy to dystrophic skeletal muscle *in vivo*.

The objective of this study was threefold. First, we tested whether block copolymers can stabilize dystrophic skeletal muscle membranes *in vitro*, thereby bypassing any potential *in vivo* pharmacodynamic/kinetic barrier to the molecule. Second, we sought a deeper understanding of block copolymer P188 structure-function to provide insights into the membrane stabilizer mechanism of action. P188 belongs to a family of block copolymers called Poloxamers (or Pluronics) that are available in varying molecular weights and PPO/PEO (hydrophobic/ hydrophilic) ratios. It is currently unclear how the structural properties of P188 confer its membrane stabilizing functionality. Biophysical studies investigating the mechanism of interaction for P188 and other poloxamer formulations with phospholipid monolayers suggest that the PPO/PEO ratio is a critical variable for membrane interaction.^[@bib32; @bib33; @bib34]^ Accordingly, we investigated triblock copolymer composition and mass to gain insight into the role of these structural features on skeletal muscle membrane stabilization function *in vitro*.

The third and principal objective of this work was to assess copolymer P188 efficacy in preserving dystrophic skeletal muscle function and sarcolemmal integrity *in vivo*. Despite wide usage of P188 in pre-clinical studies to stabilize membranes from various injury modalities, it is surprising that basic elements of P188 pharmacodynamics have not been examined in the context of DMD skeletal muscle models *in vivo*. It is well established that drugs and molecules exhibit a wide range of bioavailability and pharmacokinetic/pharmacodynamic properties *in vivo* depending on covariants such as size of the drug or molecule, its chemical composition, and importantly, the route of delivery.^[@bib35],[@bib36]^ Thus, we investigated the pharmacodynamics of P188 by directly comparing the *in vivo* functional effects between three parenteral delivery routes: intravenous, subcutaneous, and intraperitoneal. We employed a hindlimb skeletal muscle lengthening contraction protocol as a well-established quantitative measure of the consequences of dystrophin-deficiency *in vivo*.^[@bib37; @bib38; @bib39; @bib40; @bib41]^ We tested whether P188 can prevent the force loss and membrane instability associated with lengthening contractions in *mdx* mice, the mouse model of DMD. Results indicate that pharmacodynamic optimization of P188 delivery is critical to conferring protection against force loss to dystrophic skeletal muscle undergoing physiological stress. These new findings support synthetic membrane stabilizers as a first-in-class therapeutic strategy for prevention of injury in dystrophic skeletal muscle *in vivo*.

Results
=======

Membrane stabilization prevents membrane stress-induced leakage of LDH from dystrophin-deficient skeletal muscle cells *in vitro*
---------------------------------------------------------------------------------------------------------------------------------

We used a hypo-osmotic stress as a structure-function screening tool to assess membrane stabilizer effects on skeletal muscle cells *in vitro*.^[@bib42],[@bib43]^ Hypo-osmotic stress involves sarcolemmal swelling and stretching and can serve as an *in vitro* mechanical stress model. We used this model to evaluate the membrane stabilizing capacity of P188 by its ability to prevent the release of an intracellular enzyme, lactate dehydrogenase (LDH), from normal and dystrophic muscle cells. Because myotubes derived from satellite cells can be grown to high density and maintained in culture more efficiently than isolated myofibers, we used control (dystrophin and utrophin replete) myotubes derived from an *ex vivo* expansion of satellite cells using conditional expression of Pax3 as an initial test bed for membrane stabilization screening. Furthermore, in order to examine the structure-function relationship between the PPO/PEO ratio, molecular weight, and membrane stabilization, we examined the LDH release blocking efficacy of several other triblock copolymers ([Figure 1a](#fig1){ref-type="fig"}, [Table 1](#tbl1){ref-type="table"}).

In control satellite cell-derived myotubes exposed to hypo-osmotic stress, P188 treatment decreased LDH release in a dose-dependent manner (\~20% decrease in LDH release at 1 µmol/l and \~50% decrease at 150 µmol/l, ^\#^*P* = 0.017) ([Figure 1b](#fig1){ref-type="fig"}). Moreover, extended-P188 (ext-P188), a triblock copolymer featuring an equivalent PPO/PEO ratio to P188 at a larger molecular weight, was as effective as P188 at lower concentrations (\~70% decrease in LDH release at 1 µmol/l), suggesting that membrane stabilization capacity *in vitro* is linked to molecular size and that the chemical features of P188 can be optimized for increased potency. In contrast, the completely PEO based PEG8000 decreased LDH release to a much lesser extent than P188 (\~35% decrease in LDH release at 150 µmol/l), indicating that a hydrophobic component is required for optimal block copolymer-based membrane stabilization *in vitro*. Because the addition of copolymers at µmol/l concentrations did not affect total solution osmolarity (data not shown), membrane stabilizing effects can be attributed to direct stabilization at the membrane rather than osmotic factors. Conversely, the small and highly hydrophobic block copolymer P331 ([Table 1](#tbl1){ref-type="table"}) induced lysis of the myotubes and exacerbated the release of intracellular LDH, indicating that highly hydrophobic polymers destabilize membranes, which is in agreement with previous reports.^[@bib32],[@bib44]^

We next examined whether the membrane stabilizers P188 and ext-P188 were also effective in protecting dystrophic skeletal muscle membranes. To do so, we used isolated flexor digitorum brevis myofibers from *mdx* mice, as well as iPSC-derived skeletal myotubes from *mdx:utrn*^*--/--*^ mice as they provide an *in vitro* model where both dystrophin and its compensatory homolog utrophin are absent, making it a closer functional mimic to DMD. The iPSC-derived model was used for procuring *mdx:utrn*^*--/--*^ myotubes as isolation of myofibers from these mice is technically challenging. Acutely isolated single FDB fibers from *mdx* mice, and iPSC-derived myotubes from *mdx:utrn*^*--/--*^ mice were then subjected to hypo-osmotic stress and assessed for LDH release ([Figure 2a](#fig2){ref-type="fig"},[b](#fig2){ref-type="fig"}). P188 (150 µmol/l) significantly decreased the release of LDH (\~65% decrease compared to nontreated, \**P* \< 0.05). Moreover, ext-P188 was again highly protective at a lower dosage, with 1 µmol/l ext-P188 showing a similar extent of protection as 150 µmol/l P188 (*P* = 0.49) and protection extending even to a lower 0.1 µmol/l concentration.

Membrane stabilization markedly protects against lengthening contraction-induced force loss and membrane instability in *mdx* skeletal muscles *in vivo*
--------------------------------------------------------------------------------------------------------------------------------------------------------

The *mdx* mouse exhibits significant susceptibility to lengthening contraction injury, as evidenced by a marked force loss after successive lengthening contractions.^[@bib20],[@bib37]^ Lengthening contraction injury protocols have been well used as an outstanding preclinical assessment assay for evaluating potential therapeutic strategies in *mdx* mice.^[@bib14],[@bib40],[@bib45; @bib46; @bib47; @bib48; @bib49; @bib50]^ Force loss during contraction-induced muscle injury is a definitive quantitative functional marker of the disease in animal studies, making it a gold-standard physiological benchmark. We therefore evaluated the impact of P188 treatment on *in vivo* physiological function of the hindlimb anterior crural muscle group (dorsiflexors) of *mdx* mice undergoing a lengthening injury protocol. The *in vivo* hindlimb assay is informative as it allows for a maximal, reproducible, and noninvasive torque measurement of the entire anterior crural muscle compartment (including the tibialis anterior (TA) and extensor digitorum longus (EDL) muscles) via stimulation of the common peroneal nerve, and has been utilized by us and others to assess the efficacy of treatment modalities in the skeletal muscles of dystrophic mice.^[@bib50; @bib51; @bib52; @bib53; @bib54]^ Specifically, we investigated whether different parenteral routes of drug delivery (intraperitoneal, intravenous, and subcutaneous) could lead to P188 efficacy *in vivo*. First-in-class membrane stabilizer P188 was evaluated at a dosage (460 mg/kg) that was previously shown to be effective in protecting the *mdx* heart *in vivo* as well as in mitigating electropermeabilization damage in rat skeletal muscle.^[@bib22],[@bib28]^ Lengthening contraction-induced force loss was markedly higher in *mdx* mice compared to *C57/BL10* mice, with most of the force loss in *mdx* mice occurring within the first 15 contractions ([Figure 3](#fig3){ref-type="fig"}). Intraperitoneal (IP) and intravenous (IV) delivery of P188 showed no significant effect on muscle function ([Figure 3a](#fig3){ref-type="fig"},[b](#fig3){ref-type="fig"}), nor improvement in postinjury isometric force (Figure 6a,b).

In marked contrast, subcutaneous (subQ) delivery of P188 led to dramatic improvement in *mdx* hindlimb muscle function. Here, force loss was not statistically different from *C57BL/10* over 25 lengthening contractions (*P* \> 0.10), and resulted in significantly higher force production than saline treated *mdx* mice over the entire injury protocol (\**P* \< 0.05 for contractions \#5--50 versus *mdx* subQ saline) ([Figure 4](#fig4){ref-type="fig"}). P188 treatment also significantly decreased baseline and lengthening contraction-induced increased Evans Blue dye uptake in *mdx* TA muscle ([Figure 5](#fig5){ref-type="fig"}). Additionally, postinjury isometric force in the subQ P188 treated group was significantly higher than saline-treated *mdx* (\**P* \< 0.05), and not significantly different from the C57BL/10 saline group (*P* = 0.45) ([Figure 6c](#fig6){ref-type="fig"}). In contrast, subQ delivery of a PEO homopolymer of similar molecular weight (PEG8000, 8 kDa) showed no improvement in muscle function ([Supplementary Figure S1](#xob1){ref-type="supplementary-material"}).

The *in vitro* results showed that ext-P188, a block copolymer of identical PPO/PEO ratio but of larger molecular weight than P188, can also stabilize dystrophic skeletal muscle membranes ([Figure 2a](#fig2){ref-type="fig"},[b](#fig2){ref-type="fig"}). To further the structure-function understanding of how block copolymer size and PPO/PEO ratio affects *in vivo* efficacy and pharmacodynamics, we next examined whether ext-P188 could confer protection from lengthening contraction-induced force loss. Because ext-P188 showed efficacy at low μmol/l concentrations *in vitro*, we tested ext-P188 at low (60 mg/kg) and high (160 mg/kg) dosages. Interestingly, and in contrast to P188, ext-P188 delivered IP at the low dosage significantly decreased force loss in *mdx* mice undergoing the lengthening injury protocol (\**P* \< 0.05 for contractions \#8--50) ([Figure 7a](#fig7){ref-type="fig"}). The postinjury isometric force loss was also not different from the *C57/BL10* saline group (*P* = 0.42) ([Figure 8](#fig8){ref-type="fig"}). This protective effect was not observed with either IV or subQ delivery and was lost at the high dosage ([Figure 7b](#fig7){ref-type="fig"},[c](#fig7){ref-type="fig"} and [Figure 8](#fig8){ref-type="fig"}). Because a lower volume of the stock ext-P188 was needed to achieve a 60 mg/kg dose, we also tested whether intramuscular (IM) delivery directly into the TA muscle would optimize its pharmacodynamics. Similarly to the IP injection, IM injection of ext-P188 significantly decreased force loss during the lengthening injury protocol ([Figure 7d](#fig7){ref-type="fig"}) (\**P* \< 0.05 for contractions \#6--50) and isometric peak force recovery was comparable to control mice given saline IM (*P* = 0.86). These results indicate that a larger triblock copolymer of equivalent PPO/PEO ratio to P188 is capable of conferring protection to dystrophic skeletal muscle during physiological stress *in vivo* and that molecule size, dosage, and route of delivery are all critical parameters for optimal pharmacodynamics.

Discussion
==========

Our results provide the first evidence, to our knowledge, that synthetic membrane stabilizers significantly protect dystrophic limb skeletal muscles during physiologically relevant mechanical stress *in vivo.* A striking feature of this protective effect is that it is critically dependent upon route of delivery. We report that pretreatment of *mdx* mice with subcutaneous injection of P188 confers marked protection from lengthening contraction-induced force loss *in vivo*. The degree of protection from repetitive lengthening contractions enabled *mdx* skeletal muscle to function similarly to control *C57Bl/10* mice, with the protection achieved being comparable to transgenic animal studies using highly functional dystrophin molecules.^[@bib45],[@bib46],[@bib55],[@bib56]^ In contrast, two other widely used parenteral means of drug delivery, intraperitoneal and intravenous, showed no beneficial effects. This is direct evidence that the lack of skeletal muscle efficacy reported in previous studies using P188 (refs. [@bib26],[@bib27]) can be attributed to suboptimal mode of delivery of P188, rather than a fundamental limitation in the mechanism by which the block copolymer stabilizes fragile skeletal muscle membranes. These new findings underscore the importance of pharmacodynamic optimization, which is essential for drugs to reach clinical efficacy.^[@bib35],[@bib36]^ These findings, taken together with previous findings in dystrophic myocardium^[@bib22; @bib23; @bib24]^ along with a recent study demonstrating the efficacy of chronic delivery of P188 in improving both cardiac and respiratory function in dystrophin-deficient mice,^[@bib25]^ are evidence that synthetic membrane stabilizers provide a unique first-in-class drug strategy for treating all affected striated muscles in DMD. The use of block copolymer-based membrane stabilizers as systemically delivered functional surrogates for dystrophin is further attractive, in that the mechanism of action is not limited by the specific DMD genetic lesion. Thus, in principle, synthetic membrane stabilizers could be applicable to all DMD patients, regardless of genetic mutation.

Pharmacodynamics is defined as the functional effects of a drug on the body, and incorporates optimization of route of delivery. To date, no other study has tested P188 pharmacodynamics in the context of dystrophic skeletal muscle disease. It is well established that delivery route significantly affects pharmacodynamics and bioavailability of molecules injected into the body.^[@bib35],[@bib36]^ Differential effects of delivery could serve to explain why previous studies using intraperitoneal injections showed no efficacy of P188 to prevent *mdx* mice skeletal muscle injury *in vivo*.^[@bib26],[@bib27]^ Pharmacokinetics (PK) of P188 (the effects of the body on the disposition of P188 once it is injected) have recently been reported in mdx mice. Blood concentrations and clearance of P188 were assessed comparing IV and subQ routes of P188 administration in *mdx* mice and results showed enhanced plasma exposure over time via subQ administration compared to IV dosing.^[@bib25]^ These findings of differential pharmacodynamics based on route of P188 delivery may help explain the skeletal muscle protection we found by subQ but not IV administration.

The marked differences in protective effects observed between the parenteral delivery routes suggest a differential systemic distribution of P188 to the hindlimb muscle tissues. It is widely supported that subcutaneous delivery leads to the slowest rate of absorption among the parenteral routes of delivery, which may come as a result of a subcutaneous drug depot promoting a sustained release effect.^[@bib57],[@bib58]^ Although intraperitoneal injection is the most common and easiest method to administer a high volume of drug to mice in preclinical studies, the rate of absorption from the repository site also can be quite slow, due to its main absorption route being the mesenteric vessels. In addition, intraperitoneal delivery is subjected to hepatic metabolism before reaching systemic circulation, which can lead to drug/molecule modifications.^[@bib57]^ On the other hand, intravenous injection has a rapid dispersion profile into the systemic circulation.^[@bib36]^ Thus, differential rates of P188 delivery across the varying routes could help to explain the striking differences in functional outcomes observed here.

Besides the differential effects shown for the parenteral delivery routes, block copolymer molecular weight appears to have a dramatic effect on pharmacodynamics and membrane stabilization efficacy. We speculate that differences arising between P188 and ext-P188 may be attributable to the propensity of the higher molecular weight ext-P188 to aggregate. While numerous reports have investigated the relationships of PPO/PEO ratio, molecular weight, concentration, and temperature to the aggregation behavior of poloxamers in solution,^[@bib59; @bib60; @bib61; @bib62]^ we posit that *in vivo* aggregation is prohibitively difficult to measure and likely complicated by the multicomponent nature and space constraints of physiological conditions. For ext-P188, the higher dosage (160 mg/kg) corresponds to a total blood volume concentration above a reported aqueous critical micelle concentration at physiological temperature.^[@bib60]^ If aggregation occurs at the higher dosage *in vivo*, it could explain why ext-P188 was protective at the low dosage (*i.e.*, less likely to aggregate) but not at the high dosage. It is currently unclear how block copolymer pharmacodynamics and excretion would be affected by *in vivo* aggregation, but these results indicate that molecular weight and concentration are critical components of membrane stabilizers to consider for *in vivo* application.

Another interesting outcome of this work centers on the apparent differential effect of block copolymer delivery routes to dystrophic cardiac and skeletal muscle. Previous work has shown marked efficacy for P188 to confer protection to dystrophic myocardium in small and large animal models of DMD *in vivo*.^[@bib22; @bib23; @bib24]^ These previous studies used both IP and IV delivery of P188 to confer protection, which appears significantly different from results of this present study where neither of these delivery routes were effective to protect dystrophic limb skeletal muscle from contraction-induced force loss *in vivo*. The basis for these differing results is unknown. Possibilities include the marked differences between skeletal and cardiac muscles in terms of physiological activation, forces borne, cell size, and in sarcolemma lipid composition. For example, extracellular Ca^2+^ is required for activation of cardiac muscle, but not so for skeletal muscles.^[@bib63]^ Also, lengthening contractions are physiologically relevant for skeletal muscle, but not for cardiac muscle. In addition, skeletal and cardiac muscle membranes differ dramatically in terms of neutral lipid composition, and dystrophic muscle is known to have alterations in membrane phospholipid content.^[@bib64],[@bib65]^ Collectively, these striated muscle lineage-based differences could help explain the different outcomes observed, in terms of route of block copolymer delivery. Moreover, dystrophic hindlimb tissues have markedly lowered microcirculation due, at least in part, to impaired nNOS modulation of adrenergic vasoconstriction during contractile activity.^[@bib66],[@bib67]^ Thus, these issues may ultimately explain why IV delivery of P188 and ext-P188 is ineffective in protecting dystrophic limb muscle against mechanical stress. It is also possible that the minimum effective block copolymer content required at the membrane could be fundamentally different between cardiac and skeletal muscles.

P188 is a triblock copolymer and member of the family of homologous amphiphilic compounds known as Poloxamers (and Pluronics). P188 has been reported for wide use in drug delivery and other biological applications, but virtually nothing is known regarding how P188 serves to stabilize fragile dystrophin-deficient muscle membranes. Biophysical studies examining triblock copolymer interactions with synthetic lipid membranes propose a two-state mechanism of block copolymer interaction: initial adsorption followed by insertion into the lipid membrane.^[@bib32]^ Membrane insertion appears to be highly dependent on the PPO/PEO ratio of the block copolymer, with hydrophobic dominant poloxamers (PPO/PEO \> 1) capable of inserting and subsequently permeabilizing the cell membrane.^[@bib32],[@bib68]^ In contrast, evidence is emerging that the relatively hydrophilic P188 adsorbs onto the lipid membrane and exerts membrane stabilization by dampening surface and intrabilayer hydration dynamics, rather than by direct corralling of lipids.^[@bib34]^ This critical dependence on the PPO/PEO ratio is supported by our results showing that the ext-P188, which has the equivalent PPO/PEO ratio to P188 at increased molecular weight, significantly stabilizes membranes *in vitro* and also *in vivo* in a manner dependent on both dosage and delivery route. Because efficacy of ext-P188 shows a clear dosage dependence which may be related to *in vivo* aggregation, it is particularly important to keep molecular weight effects in mind when considering other polymer species as potential membrane stabilizers. Moreover, the completely hydrophilic PEG8000 lacks efficacy *in vivo,* indicating that the hydrophobic PPO block of the copolymer is required for effective targeting of the membrane stabilizer to the damaged membrane. These results provide new mechanistic insights into optimal structural design of a potential next-in-class line of block copolymers for membrane stabilization therapy which are the target of future studies.

Perspective
-----------

The evidence here that membrane stabilizers can significantly protect dystrophic skeletal muscles from contraction-induced injury *in vivo* may have future clinical ramifications. Presently, there are no treatments in clinical practice to prevent, halt, or reverse disease in DMD patients, including recent drug and gene-based strategies.^[@bib16],[@bib17],[@bib69]^ This underscores the urgency to investigate alternative strategies aimed at directly targeting the primary defect of membrane fragility in DMD muscles. Synthetic membrane stabilizers have a number of features that make them attractive candidates for DMD treatment. First, the mechanism of action is nonspecific to the DMD gene mutation, making this applicable to all DMD patients. In addition, systemic distribution of block copolymers makes them ideal for treatment of all the striated muscles in the body. Immunogenicity concerns of gene-based DMD treatments^[@bib70]^ are also obviated by the use of synthetic sarcolemma stabilizers.

Having established proof-of-principle for membrane stabilizers to protect dystrophic skeletal muscles *in vivo*, future studies are needed to ultimately guide their full potential clinical application. These include establishing minimum effective dose, duration of action, and assessment of long-term protection in small and large animal models of DMD. Importantly, it is the goal to incorporate these current findings with recent works in heart and respiratory function, as well as other dystrophic muscle groups. In addition, as block copolymers have been in use as vehicles for enhanced gene delivery in other applications,^[@bib60],[@bib71]^ the prospect of bundled therapies with block copolymers and gene-directed strategies is of interest. P188 offers the additional advantage of being previously administered for human use for other conditions, which have been accompanied by extensive pharmacokinetics and ADME studies to validate clinical safety.^[@bib72],[@bib73]^ Our results support P188 as a unique first-in-class membrane stabilizer, as any effective DMD treatment must ultimately target all striated muscles: skeletal, respiratory and cardiac.

As DMD is a chronic progressive disease, we envision that membrane stabilizer therapy would likely require life-long treatment in DMD patients, initiated early in the course of disease to prevent mechanical stress-induced muscle damage. In the best case scenario, this clinical treatment would effectively manage disease, analogous, for example, to the effective life-long disease management strategy demonstrated by type I diabetes patients. Other approaches could be considered as well, including acute treatments. For example, for DMD patients that undergo surgical orthopedic procedures, synthetic membrane stabilizers might also have significant clinical impact in the setting of the anticipated stress induced by general anesthesia.^[@bib23]^ Owing to the proposed membrane stabilizer mechanism of action, this class of therapeutics has a great advantage of potential application to all DMD patients regardless of specific genetic lesion and may extend to other inherited and acquired diseases in which sarcolemma integrity is compromised.^[@bib74]^

Materials and Methods
=====================

Animals
-------

Adult male and female *mdx* mice (C57Bl/10ScSn-DMD*mdx*) and wild-type *BL/10* mice (C57Bl/10ScSn) aged 2--6 months old were obtained from Jackson Labs (Bar Harbor, ME) and housed locally. The procedures used in this study were approved by the University of Minnesota's Institutional Animal Care and Use Committee (IACUC).

Generation of control iPax3 satellite cell-derived myotubes
-----------------------------------------------------------

Satellite cells were isolated from 6--8-week-old Pax7-ZsGreen mice as described previously.^[@bib75]^ Cell sorting was performed on a BD FACSAria cell sorter. Freshly isolated satellite cells were immediately transduced with the doxycycline inducible iPax3/IRES mCherry lentiviral vector^[@bib76]^ to generate the iPax3-SCs. Pax3 induction prevented the satellite cells from differentiation as soon as they are plated in culture, allowing better expansion of undifferentiated cells *in vitro*. When iPax3-SCs were subjected to differentiation conditions (5% horse serum and withdrawal of dox and basic fibroblast growth factor (bFGF)), culture gave rise to multinucleated myotubes.

Generation of *mdx*:utrn^--/--^ iPS cell-derived myotubes
---------------------------------------------------------

*mdx*:utrn^--/--^myotubes were generated following a previously published method.^[@bib76]^ Briefly, dystrophic iPS cells were generated from tail tip fibroblasts of mdx:utrn^--/--^ donors and reprogrammed using via retroviral transduction with Oct4, Klf-4, and Sox2. The iPS cells were then modified for doxycycline-regulated Pax3 conditional expression. Pax3 was induced via 0.8 µg/ml of doxycycline from day 3 of embryoid bodies differentiation and paraxial mesoderm progenitors were isolated based on PDGFαR expression and lack of Flk-1.^[@bib77]^ Sorted cells were plated and allowed to proliferate in proliferation myogenic medium (IMDM, 15% FBS, 1% chicken embryo extract, 10% horse serum, 1 µg/ml doxycycline and 5 ng/ml of bFGF). The myogenic precursors were then terminally differentiated by switching to low-glucose Dulbecco's Modified Eagle's Medium and 5% horse serum in the absence of both doxycycline and bFGF.

Flexor digitorum brevis single myofiber isolation
-------------------------------------------------

The FDB muscles were surgically removed from both hind paws of adult *mdx* mice and enzymatically digested via incubation in M199 containing 0.2% collagenase type II plus 10% fetal bovine serum at 37 °C. Myofiber bundles were dissociated with gentle trituration using Pasteur pipettes and myofibers were plated on 20 µg/mL laminin-coated coverslips and left to adhere overnight at 37 °C in 5% CO~2~). The myofibers were cultured in M199 media (Sigma-Aldrich, St. Louis, MO) supplemented with 10 mmol/l glutathione, 26.2 mmol/l sodium bicarbonate, 0.02% bovine serum albumin, and 50 U/ml penicillin-streptomycin, with pH adjusted to 7.4. Myofibers were used within 24 hours of isolation.

Block copolymers
----------------

National Formulary grade of P188, P338 and P331 were generously provided by BASF Corporation (Vandalia, IL). P338 is denoted as "ext-P188" for simpler interpretation. PEG8000 (Polyethylene Glycol 8000) was purchased from Sigma.

Hypo-osmotic stress assay
-------------------------

FDB myofibers were transferred from M199 culture media to a 310 mOsm isotonic solution (in mmol/l: 140 NaCl, 5 KCl, 2.5 CaCl~2~, 2 MgCl~2~, and 10 HEPES; pH 7.2) in the absence or presence of polymer. After 3 minutes of pretreatment equilibration with the polymer, myofibers were subjected to hypo-osmotic stress for 90 seconds by exchanging in a 140 mOsm solution (composition equivalent to 310 mOsm solution but with NaCl reduced to 50 mmol/l) ± polymer. The myofibers were subsequently re-equilibrated in an isotonic solution ± copolymer for a total of 7 minutes. The remaining myofibers were lysed with 0.01% Triton. Every media change was collected to assess enzyme release throughout the protocol. Enzyme release was assessed as a total release during the course of the protocol over total enzyme content.

Enzyme release assays
---------------------

LDH release was assessed at the end of the hypo-osmotic stress protocol. LDH release was assayed by incubating samples aliquots in 100 mmol/l NaPO4, 120 µmol/l NADH, 2.3 mmol/l pyruvate, and 0.033% bovine serum albumin at 37 °C. Absolute LDH release was calculated indirectly from the conversion of NADH to NAD+, which was determined by reading absorbance at 340 nm over time.

Block copolymer treatment and delivery for *in vivo* injury protocol
--------------------------------------------------------------------

Block copolymers were dissolved in sterile saline to final stock solutions of 150 mg/ml. At least 30 minutes before the start of the *in vivo* injury protocol, mice received specific dosages of Poloxamer or equivalent saline volume intraperitoneally (IP), intravenously (IV), subcutaneously (subQ---beneath the scruff on the back of the neck) or intramuscularly (IM) into the TA muscle.

*In vivo* lengthening contraction force loss protocol
-----------------------------------------------------

*In vivo* force measurements of the anterior crural muscle compartment (tibialis anterior, extensor digitorum longus and extensor hallucis longus) were performed as described previously.^[@bib40],[@bib48]^ Mice were anesthetized with a combination of fentanyl citrate (0.2 mg/kg), droperidol (10 mg/kg), and diazepam (5 mg/kg) and the left hindlimb was depilated. The left foot was then secured to an aluminum foot-plate coupled to a servomotor (Model 300B-LR; Aurora Scientific, Aurora, Ontario, Canada). Contractions were induced via stimulation of the peroneal nerve via percutaneously inserted Pt-Ir electrode wires (Model E2-12; Grass Technologies, West Warwick, RI) connected to a stimulator and stimulus isolation unit (Models S48 and SIU5, Grass Technologies). This system allows for a noninvasive evaluation of skeletal muscle contractile properties *in vivo*.^[@bib37]^ An initial preinjury maximal isometric force was determined (250 Hz and 150 ms duration), followed by an injury protocol consisting of 50 lengthening contractions. For the lengthening contractions, the foot underwent 19 degrees passive dorsiflexion at which a prelengthening 100 ms isometric contraction was initiated followed by another 50 ms of stimulation as the foot was actively moved to 19 degrees of plantarflexion (for a total ankle rotation of 38 degrees). Each lengthening contraction was separated by 10 seconds to prevent fatigue. Maximal force was measured for each lengthening contraction during the course of the injury protocol and presented initialized to the first lengthening contraction force. A final isometric force was measured at the end of the lengthening protocol. *n* ≥ 5 mice (both males and females) for each treatment group of each experiment.

Evans blue dye uptake assay
---------------------------

To assess the integrity of the muscle fiber membrane pre- and postlengthening contractions, *mdx* mice (*n* = 6--8 per experimental group) received an intraperitoneal injection of 3% Evans blue dye (Sigma-Aldrich, St. Louis, MO) (wt/vol) in phosphate-buffered saline (pH 7.4) at a volume of 1% body mass. This solution was sterilized by passage through a Millex-GP 0.22-μm filter (Millipore, Bedford, MA) and administered 2 hours before initiation of the lengthening injury protocol. Both the injured and contralateral TA muscles were collected and weighed 2 hours after injury and dye uptake was measured by absorbance reading at 620 nm after dye extraction from the minced tissue by incubation in 1 ml formamide at 55 °C.^[@bib78],[@bib79]^ A subgroup of injured TA muscles was snap-frozen in isopentane cooled with liquid nitrogen, cryosectioned, and visualized for red fluorescence as a signal of dye uptake in myofibers.

Statistics
----------

All results are expressed as mean ± SEM. Multigroup comparisons for *in vitro* LDH release experiments were assessed using one-way analysis of variance with Tukey *post hoc* test and *P* \< 0.05 considered statistically different. A two-way analysis of variance followed by a Bonferroni *post hoc* test was used to assess the effect of lengthening contraction numbers and treatment routes across the 50 contractions protocol with *P* \< 0.05 considered statistically different. All statistical analysis was carried out using Prism (GraphPad Software).
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![*In vitro* hypo-osmotic stress assay to screen block copolymers for membrane stabilization. (**a**) Schematic representation of the tested triblock copolymers and the exclusively polyethylene oxide (PEO)-based polymer PEG8000, showing relative polypropylene oxide (PPO) (red) and PEO composition (blue). (**b**) Satellite cell-derived myotubes from normal muscle were exposed to hypo-osmotic stress media and lactate dehydrogenase (LDH) enzyme release into the media was measured as a marker of membrane leak. The ability of P188 and other copolymers to decrease LDH leakage from stressed myotubes was assessed as a parameter of membrane stabilization. Data are presented as % LDH release normalized to total LDH release (\**P* \< 0.05, via one-way analysis of variance compared to nontreated group, ^\#^*P* \< 0.05 indicates 150 µmol/l P188 is significantly different from 1 µmol/l P188, ^&^*P* \< 0.05 indicates 1 µmol/l ext-P188 is significantly different from 0.1 µmol/l ext-P188). Mean values are derived from at least three independent experiments with three to four wells of densely cultured myotubes per experiment. Error bars shown as mean ± standard error of the mean.](mtm201542-f1){#fig1}

![Membrane stabilizers P188 and ext-P188 decrease hypo-osmotic stress-induced release of LDH in dystrophic myofibers and myotubes *in vitro*. (**a**) Isolated *mdx* flexor digitorum brevis (FDB) myofibers and (**b**) double knockout (*mdx/utr* ^--/--^) myotubes were subjected to hypo-osmotic stress and lactate dehydrogenase (LDH) release was assessed in the absence (nontreated) or presence of increasing concentrations of P188 and ext-P188. Data presented as % LDH release normalized to total LDH release from nontreated. \**P* \< 0.05 via one-way analysis of variance compared to nontreated group. Mean values are derived from at least three independent experiments with three to four wells of 20--30 isolated *mdx* FDB myofibers or densely cultured *mdx/utr* ^--/--^ myotubes per experiment. Error bars shown as mean ± standard error of the mean.](mtm201542-f2){#fig2}

![Intraperitoneal and intravenous delivery of P188 have no effect to protect against lengthening contraction-induced force loss in mdx mice *in vivo*. Force loss by the anterior crural muscles in adult *mdx* mice (*n* = 5--8 per group) treated with 460 mg/kg P188 or saline vehicle either (**a**) intraperitoneally (IP) or (**b**) intravenously (IV), at least 30 minutes before the injury protocol was assessed over the course of 50 lengthening contractions. Force loss is presented as a fraction of the initial maximal force ± standard error of the mean (SEM). Contractions \#1--15 show the marked force deficit in *mdx* mice. Results from BL/10 control mice injected saline via each delivery route are also shown. Inset (**a,b**) shows all 50 contractions. Both IP and IV delivery of P188 had no significant effect to decrease force loss over the course of the protocol. Error bars shown as mean ± SEM (in some cases symbol size was larger than error bar).](mtm201542-f3){#fig3}

![Subcutaneous delivery of P188 markedly protects against lengthening contraction-induced force loss in *mdx* mice *in vivo*. (**a**) Representative individual force tracings during lengthening contractions \#1 versus \#10 for subQ saline and subQ P188 treated *mdx* mice. (**b**) SubQ P188 delivery confers significant protection against force loss from contractions \#5--50 (\**P* \< 0.05 via two-way analysis of variance compared to the *mdx* saline group. Contractions \#1--15 are highlighted with the entire protocol shown in inset. Error bars shown as mean ± SEM (in some cases symbol size was larger than error bar).](mtm201542-f4){#fig4}

![P188 significantly decreases baseline and lengthening contraction-induced sarcolemmal instability. (**a**) Example images of Evans Blue dye uptake into TA myofibers 2 hours postinjury in *mdx* mice treated subQ with saline or P188. (**b**) Quantification of total Evans Blue Dye extracted from whole TA muscles. Evans Blue dye was extracted by incubating the whole TA muscle in 1 ml of formamide. "C" denotes the contralateral noninjured TA, "LC" denotes lengthening contraction. Data is shown as absorbance at 620 nm divided by mg of tissue. \*\**P* \< 0.01, \*\*\**P* \< 0.001 via one-way analysis of variance. Error bars shown as mean ± standard error of the mean.](mtm201542-f5){#fig5}

![*In vivo* isometric force measurements in P188-treated *mdx* mice immediately postinjury. Intraperitoneal (**a**) and intravenous (**b**) P188 delivery had no significant effect on peak isometric force immediately after injury whereas subQ P188 treatment (**c**) significantly enhanced immediate postinjury isometric force recovery compared to *mdx* saline, and was not significantly different from *BL/10* saline group. \**P* \< 0.05 one-way analysis of variance compared to *mdx* saline, ^\#^*P* \< 0.05 one-way analysis of variance compared to *BL/10* saline. Error bars shown as mean ± standard error of the mean.](mtm201542-f6){#fig6}

![Dose and delivery route dependence of ext-P188 in protecting *mdx* mice skeletal muscle from lengthening contraction-induced force loss *in vivo*. *Mdx* mice were administered either low dose (60 mg/kg) (gray symbols) or high dose (160 mg/kg) (black symbols) ext-P188 via intraperitoneal (**a**) (IP), (**b**) intravenous (IV)), or (**c**) subcutaneous (subQ) injection at least 30 minutes prior to the protocol and the anterior crural muscle group tested for lengthening contraction-induced force loss over the course of 50 contractions. Force loss is presented as a fraction of the initial maximal force ± standard error of the mean (SEM). Contractions \#1--15 are graphically emphasized. (**a**) High-dose ext-P188 (160 mg/kg) had no protective effect against lengthening contraction-induced force loss. However, low dose ext-P188 (60 mg/kg) significantly improved resistance to injury from contraction \#8 through \#50 (\**P* \< 0.05 via two-way analysis of variance compared to mdx saline). (**b,c**) Neither low-dose nor high-dose ext-P188 administered IV or subQ had any significant effects on force deficit. (**d**) Low dosage 60 mg/kg ext-P188 was injected into the tibialis anterior (TA) muscle of *mdx* mice intramuscularly (IM) directly prior to the protocol. Ext-P188-treated mice had a highly significant and sustained resistance to lengthening contraction injury loss (contractions 6--50, \**P* \< 0.05 two-way analysis of variance compared to *mdx saline*). Contractions \#1--15 are graphically emphasized, entire protocol shown in inset. Error bars shown as mean ± SEM (in some cases symbol size was larger than error bar).](mtm201542-f7){#fig7}

![Isometric force measurements in ext-P188-treated *mdx* immediately postinjury. (**a**) Low-dose (60 mg/kg) ext-P188 delivered IP significantly prevented postlengthening protocol isometric force loss (\**P* \< 0.05 one-way analysis of variance compared to *mdx saline*) although was significantly different from the *BL/10* saline group loss (^\#^*P* \< 0.05 one-way analysis of variance compared to *BL/10* saline). (**b,c**). No significant effect obtained for IV or subQ ext-P188-treated mice. (**d**) Postinjury isometric force of mdx mice treated with direct injection of 60 mg/kg ext-P188 into the TA muscle was not significantly different from *BL/10* saline (^\#^*P* = 0.74, one-way analysis of variance compared to *BL/10* saline). Error bars shown as mean ± standard error of the mean.](mtm201542-f8){#fig8}

###### Summary of triblock copolymers

  *Polymer*    *Pluronic*   *Average MW (Da)*   *2PEO*   *PPO*   *PPO/PEO*
  ----------- ------------ ------------------- -------- ------- -----------
  P188            F68             8,400          160      27       0.17
  Ext-P188        F108           14,600          280      44       0.16
  P331            L101            3,700           14      54       3.86
  PEG8000         ---             8,000          ---      ---       ---

Pluronic, BASF Corporation trademark designation; PEO, polyethylene oxide; PPO, polypropylene oxide.
